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We have cloned the zebra®sh homolog of the receptor tyrosine kinase ¯k-1 to provide us with a tool to study normal
vascular pattern formation in the developing zebra®sh embryo and to compare it to mutants in which vascular pattern is
perturbed. We ®nd that during normal development the ®rst angioblasts arise laterally in the mesoderm and then migrate
medially to form the primordia of the large axial vessels, the dorsal aorta (axial artery) and the axial vein. Lumen formation
occurs shortly before onset of circulation at 24 hr postfertilization. We examined the speci®cation of vascular progenitors
in the mutant cloche, which fails to form both vessels and blood. cloche lacks all ¯k-expressing cells and therefore appears
to lack angioblasts. The axial vessels of the trunk form in close proximity to notochord and endoderm, which may provide
cues for their formation. The dorsal aorta is normally just ventral to the notochord; the axial vein is just below the dorsal
aorta and above the endoderm. ¯oating head (¯h) and no tail (ntl) mutants both have defects in the formation of notochord.
Both are cell-autonomous lesions, ¯h abolishing notochord and ntl preventing its differentiation. In both mutants the
dorsal aorta fails to form, while formation of the axial vein is less affected. Mosaic analysis of mutant embryos shows that
transplanted wild-type cells can become notochord in mutant ¯h embryos. In these mosaic embryos ¯h cells expressing
¯k assemble at the midline, beneath the wild-type notochord, and form an aortic primordium. This suggests that signals
from the notochord may guide angioblasts in the fashioning of the dorsal aorta. The notochord seems to be less important
for the formation of the vein. q 1997 Academic Press
INTRODUCTION The endothelial-speci®c mitogen, vascular endothelial
growth factor (VEGF) (Keck et al., 1989; Leung et al., 1989),
is expressed in regions appropriate to support vessel growthThe major vessels of the body are assembled locally, yet
(Breier et al., 1992; Flamme et al., 1995a). VEGF overex-must be integrated into a seamless systemic circulation. It
pression in vivo in chick embryos causes anomalous vesselis not known what signals guide the generation of the tubes,
formation (Drake and Little, 1995; Flamme et al., 1995b).assign vascular identities as artery or vein, or coordinate
Receptor tyrosine kinases for VEGF, VEGF R1 (¯t-1), andvessel placement with regard to viscera.
VEGF R2 (¯k-1) are present on angioblasts (Eichmann et al.,Angioblast precursors are dispersed throughout the meso-
1993; Millauer et al., 1993; Yamaguchi et al., 1993; Dumontderm. Some appear to migrate long distances before assem-
et al., 1995). Targeted mutation of ¯k-1 in mice blocks de-bly, whereas others appear to form tubes locally (Pardanaud
velopment of both blood and vessels (Shalaby et al., 1995).et al., 1987, 1989; Cof®n and Poole, 1988, 1991; Noden,
¯t-1 mutation interferes with vessel organization, although1991; Couly et al., 1995). The major axial vessels, such
it does not abolish angioblast generation and vessel tubulo-as aorta and vena cava, and those to organs derived from
genesis (Fong et al., 1995). The pattern of ¯k-1 expressionendoderm are believed to be formed by local assembly of
suggests that it is the earliest marker of intraembryonicangioblasts into tubes, a process termed vasculogenesis
angioblasts in the mouse, from the time of their appearance(Pardanaud et al., 1987, 1989; Cof®n and Poole, 1988, 1991;
in the lateral mesoderm of the trunk and the cardiogenicRisau et al., 1988; Poole and Cof®n, 1991; Risau, 1991). It
plate through tubular assembly. After vessel formation ¯k-is not known whether particular genes control the assembly
1 expression diminishes, while expression of ¯t-1 and otherof different regions of the vasculature.
endothelial tyrosine kinases remains high (Dumont et al.,
1995).
The notochord, the transient cartilaginous support which1 To whom correspondence should be addressed.
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embryos stages 18 to 40 hpf (kindly provided by Professor P. Chambon,characterizes chordates, plays an important role in the es-
INSERM, Strasbourg). Phages (106) of each Lambda ZAPII cDNA librarytablishment of embryonic form. It serves as a prominent
were screened. Hybridization was carried out at 427C in 51 SSC, 50%source of patterning information to both the adjacent spinal
formamide, 1% SDS, 11 Denhardts, and 100 mg/ml yeast total RNA.cord and somites. In mutations of the notochord in mice
Washes of the ®lters were carried out at 607C in 0.11 SSC, 1% SDS.(brachyury (Herrmann et al., 1990)) and zebra®sh, both neu-
One positive clone, h-1, with an insert size of 2051 bp, was isolated
ral tube and somites are perturbed. For example, in the ze- from the adult heart library and one positive clone, e-1, with an insert
bra®sh mutation ¯oating head (¯h), due to mutation in the size of 1100 bp, was isolated from the embryonic library. Sequence
orthologue of Xenopus Xnot, the notochord is absent, so- analysis and database searches was performed using GCG. Sequence
mites fuse at the midline and ¯oor plate in the trunk is analysis revealed that the two clones are identical in their overlapping
region except for a 102-bp insertion in the longer clone which is proba-absent (Halpern et al., 1995; Talbot et al., 1995). The ¯oor
bly due to a cloning artifact. Amino acid sequences were obtained fromplate of the midbrain, hindbrain, and anterior spinal cord is
the open reading frames, which were identical in both clones.relatively normal, presumably because prechordal plate is
not affected by the mutation. In no tail (ntl), a mutation in
brachyury, notochord precursors do not complete differenti- Whole Mount RNA in Situ Hybridization
ation, the myotome does not assume its chevron shape, and
Whole mount RNA in situ hybridization was carried out as de-muscle pioneers are absent, although notochord signals are
scribed (Jowett and Lettice, 1994). A 1100-bp EcoRI/HindIII fragmentsuf®cient to induce ¯oor plate (Halpern et al., 1993;
of cDNA h-1 spanning the nonconserved intracellular and part of theSchulte-Merker et al., 1994). Both ¯h and ntl act in a cell-
3* UTR region was subcloned and used for in vitro transcription.
autonomous fashion with regard to notochord precursors After staining, embryos were observed under an Axiophot Microscope
and a cell-non-autonomous manner with regard to somite (Zeiss). For histological analysis specimens were re®xed in 4% para-
and neural tube (Halpern et al., 1993, 1995). formaldehyde, dehydrated, and embedded in plastic (JB-4). Sections
In order to de®ne the early spatial organization of endo- were counterstained with Nuclear Fast Red (Sigma) where indicated.
thelial primordia, we have cloned a zebra®sh homolog of Serial sections were analyzed with an Axiophot Microscope (Zeiss).
the receptor tyrosine kinase ¯k-1. We have used expression
of this receptor tyrosine kinase to follow vessel assembly
Cell Transplantationprimarily in the trunk and to examine the role of the noto-
Transplantations were carried out essentially as described pre-chord in vasculogenesis. We ®nd evidence that notochord
viously (Ho and Kane, 1991; Halpern et al., 1993; Ho and Kimmel,regulates assembly of the dorsal aorta, while the axial vein
1993; Lee et al., 1994). Donor embryos were injected with 4% rhoda-is far less dependent on the notochord.
mine±dextran/4% biotin±dextran (Molecular Probes) in 0.15 KCl be-
tween the 1k-cell stage and the sphere stage and depending on the
age of the embryos between 20 and 100 cells were introduced intoMATERIAL AND METHODS the host blastulae. Cells were transplanted from phenotypically wild-
type host embryos into ¯h mutant embryos at the blastula stage.
Animals Donor and host embryos were phenotyped at the 25 somite stage.
Transplanted cells were visualized in the living embryo by epi¯uo-
Fish were maintained in the zebra®sh facility at the Cardiovascu-
rescence. Subsequently, embryos were ®xed and processed for in situ
lar Research Center at the Massachusetts General Hospital. Em-
hybridization. After in situ hybridization transplanted cells were de-
bryos were raised at constant 28.57C and staged according to mor-
tected using peroxidase-coupled antibodies to biotin.phological criteria (somite number) and hours postfertilization (hpf)
(Kimmel et al., 1995). Mutations used in this study were clochem378
(Stainier et al., 1996), no tailb195 (Schulte-Merker et al., 1994), and
RESULTS¯oating headn1 (Talbot et al., 1995).
¯k cDNA
cDNA Cloning and Sequencing The deduced amino acid sequence of ¯k cDNA is shown
in Fig. 1, aligned with the VEGF receptor 2 homologs in mouseOligonucleotides PTKI and PTKII (Wilks, 1989) were used to amplify
(¯ k-1, (Matthews et al., 1991)), human (kdr (Terman et al.,zebra®sh receptor tyrosine kinase domains from reverse-transcribed
RNA from 24 hpf embryos. PCR products were used to construct a 1991)), and quail (quek-1 (Eichmann et al., 1993)). In all regions
``minilibrary'' of kinase domains in the TA cloning vector (Invitrogen). of high interspecies identity, ¯k is essentially equally con-
Colony hybridization was performed using oligos speci®c for ¯k-1 served among all species analyzed (77% to kdr, 74% to ¯k-1,
(BF15: GATTATGTCAGAAAAGGAGATGC and BF16: ATT/ and 74% to quek1) and overall 63% to kdr and 60% to ¯k-1.
CCTCC/TTATCGGAGAAGAAT/CGT) to identify homologous As for other species, there is also a high, but lesser, degree of
clones out of this minilibrary. Hybridization was carried out at 377C
homology to the other known VEGF receptor tyrosine kinase,in 61 SSC, 1% SDS, 11Denhardt's, 100 mg/ml yeast RNA, and washes
¯t-1 (54%, not shown) (Shibuya et al., 1990).of the ®lters were at 457C in 61 SSC, 1% SDS (11 SSC is 0.15 M
NaCl, 0.015 M Na citrate, pH 7.4, and 11 Denhardts is 0.02% Ficoll,
0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin). Zebra®sh Embryonic Patterns of ¯k Expression
homologs of ¯k-1 were identi®ed by sequence comparison and used to
We have previously analyzed the development of the zebra-screen two different cDNA libraries, a cDNA library from adult zebra-
®sh heart (Chen and Fishman, 1996) and a cDNA library from whole ®sh circulation, once the vessels are patent, by the technique
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FIG. 1. Amino acid sequence alignment of ¯k to ¯k-1, kdr, and quek-1. Residues identical in all four sequences are marked with asterisks.
of microangiography (Weinstein et al., 1995). The ®rst vessels the axial vein. Trunk circulation begins at around 24 hpf (30
somites), and cranial circulation is present by 30 hpf.formed are the major axial vessels to the trunk, the artery
termed the dorsal aorta (or axial artery) and the vein termed In the trunk, ¯k-expressing cells are evident at the 10-
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dorsal aorta, just ventral to the notochord (Figs. 3A, 3G, and
3H). Other ¯k-expressing cells are visible laterally, adjacent
to the endoderm (Figs. 3H and 3I). These are presumably
angioblasts which may be precursors of the axial vein,
which assembles between the 14 and 20 somite stages. Both
the aorta and the vein appear to assemble in a craniocaudal
direction. Anteriorly, the primordia of the paired dorsal aor-
tae that are not yet formed by the 14 somite stage (Fig. 3F)
merge at the level of somite 1 to link up with the single
dorsal aorta to the posterior trunk and tail by the 24 somite
stage (Figs. 4A and 4C). The primordium of the axial vein
forms below the dorsal aorta (Figs. 4B and 4D).
Intersomitic vessels, and those to ectodermally derived
organs, are believed to form predominantly by sprouting, a
process termed angiogenesis (Pardanaud et al., 1987, 1989;
Cof®n and Poole, 1988, 1991; Risau et al., 1988; Poole and
Cof®n, 1991; Risau, 1991). The ®rst intersomitic arteries,
as evidenced by ¯k expression, sprout from the dorsal aorta
by the 26 somite stage (shown at 24 hpf, Figs. 5B and 5C).
At this time, while the network of all major vessels is evi-
dent by ¯k expression, most vessels are not yet open, al-
though the beginning of lumen formation is evident in the
dorsal aorta at the 24 somite stage (Fig. 4D).
In the heart region, the presumptive endocardial precur-
sors lie in two bilateral patches laterally in the mesoderm
just anterior to the otic vesicle (Figs. 2B, 3A, and 3B). By
the 14 somite stage ¯k-expressing cells are medial, where
they coalesce to form the primordium of the endocardium
at the midline, as well as the primordia of ventral aorta, the
®rst aortic arch, and the proximal parts of dorsal aortae and
internal carotid arteries (Figs. 3B, 3D, and 3E). Between the
20 and 26 somite stages the endocardial precursors are en-
closed by the fusing myocardial tubes (not shown) (Stainier
et al., 1993).
In the head, the ®rst ¯k-expressing cells reside anteriorly,
ventral to the optic vesicles, presumably in the cephalic
paraxial mesoderm (Figs. 2B and 3A±3C). At the 14 somite
stage these clusters of cells enlarge into two plexi and co-
alesce with the primordia of the two internal carotid arteries
that extend anteriorly from the heart region. The primordia
of the large vessels in the head form by the 26 somite stage.
The formation of vessel lumina precedes the onset of
trunk circulation at the 30 somite stage (24 hpf). At this
time most large vessels are patent, as shown in Fig. 5A for
the dorsal aorta, although some, such as the anterior
cardinal vein, do not yet possess a lumen. In large vessels,
such as the dorsal aorta, ¯k is still expressed at Day 2,
although at a lower level. Throughout embryonic develop-
ment ¯k is highly expressed in newly forming vessels such
FIG. 2. Whole mount RNA in situ hybridization with ¯k performed as capillaries sprouting into the brain or pectoral ®n and in
on 12 somite stage embryos (15 hpf). (A) Lateral view and (C) dorsal vessels forming the aortic arches (not shown).
view showing the bilateral angiogeniccell clusters in the trunk (arrows). We have followed this pattern of vessel formation in mu-
(B) Anterior view showing the endocardial and cephalic angioblasts tations which appear to be revealing about the generation
(arrows). Dorsal is up (A) and anterior is to the left (A). Bars, 100 mm.
of angioblasts or their assembly into vessels.
The Mutant cloche Interferes with Speci®cation orsomite stage, as patches of three to ®ve cells arrayed in
Maturation of Angioblastsrepeating units at the lateral edge of the mesoderm (Figs.
2A and 2C). By the 14 somite stage these ¯k-expressing cells In cloche mutants, there are no vessels, or very few (in the
perianal region of the trunk at 36 hpf), and hematopoiesis isare at the midline, where they form the primordium of the
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FIG. 3. Whole mount RNA in situ hybridization with ¯k performed on 14 somite stage embryos (16 hpf). (A) Lateral view and (B) anterior
view showing angioblastic areas in the embryo. Lines in (A) indicate planes of sectioning for panels C through I. Arrow in (B) indicates
position of ®rst aortic arch. (C) Section at the level of the forebrain and eye vesicles, showing angioblastic cells in the ventrally to the
brain located plexus. (D) Section at the level of the endocardial primordium which has reached the midline by this stage. Arrows indicate
the primordia of the internal carotid artery. (E) Section at the level of the aortic arch primordium. (F) Section at the level of the hindbrain,
which lacks ¯k-positive cells at this stage. (G ±I) Sections at various planes through the trunk. Angioblasts have reached the midline
below the notochord (G, H) forming the primordium of the dorsal aorta. Other angioblasts are still located laterally close to the yolk
(arrows). (I) In the posterior trunk angioblastic cells have not yet reached the midline (arrows). Dorsal is up (A, C±I) and anterior is to the
left (A). Bars, 100 mm (A, B), 50 mm (C±I).
severely reduced. We had speculated that the mutation (24 hpf). This is evident from the time of normal onset of
expression (10 somites) through 30 somites (24 hpf) and somight interfere with generation of a primitive vessel precur-
sor, perhaps one with a bipotential hemangioblast fate does not represent a delay in maturation (similar results
are found by (Liao et al., 1997)). These results suggest that(Stainier et al., 1995). As shown in Fig. 6B, there is no ¯k
labeling in cloche mutant embryos at the 30 somite stage angioblasts are not speci®ed in cloche.
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FIG. 4. Whole mount RNA in situ hybridization with ¯k on 24 somite stage embryos (21 hpf). (A) Dorsolateral view showing the paired
dorsal aortae in the area of the hindbrain and their junction in the anterior trunk (arrow). (B) Lateral view of the posterior trunk and tail
showing the primordia of the dorsal aorta (a) and the axial vein (v). (C) Transverse section through the anterior trunk at the level of the
®rst somite. The two primordia of the dorsal aortae lie just beneath the notochord. Laterally located (arrows) are precursors of the bilateral
ducti of Cuvier. (D) Sagittal section of the posterior trunk showing the primordia of the dorsal aorta (a) and the ventral vein (v). Arrow
indicates beginning lumen formation in the dorsal aorta. No intersomitic vessels are yet formed. Dorsal is up, and anterior is to the right
in (A) and to the left in (B, D). Bars, 100 mm (A, B), 50 mm (C, D).
The Mutants ¯oating head and no tail Have A single ventral stripe of ¯k-expressing cells is evident along
Defects in Formation of the Dorsal Aorta the entire trunk, which assembles into small vessel
stretches. The region corresponds to the position of the veinThe axial vessels of the trunk form in close proximity to
just above the endoderm (Fig. 7B), although whether thisnotochord and endoderm, which may provide cues for their
vessel is continuous cannot be determined because ¯k ex-formation. The dorsal aorta is normally just ventral to the
pression appears to be extinguished more rapidly in ¯h thannotochord; the axial vein is just below the dorsal aorta and
in wild-type embryos. In the tail region, the ¯k-expressingabove the endoderm. We were interested in examining muta-
cells aggregate into a large ventral endothelial lacuna en-tions lacking notochord with respect to their vascular pheno-
closing red blood cells (Fig. 6C). Mutants never establish atype.
functional circulation to the trunk. Circulation to the head¯h is a mutation in the orthologue of Xnot, a transcription
is much less affected, and blood ¯ow is generally estab-factor expressed in notochord precursors (Gont et al., 1993;
lished. The pattern of cranial vessels is usually normal al-von Dassow et al., 1993; Talbot et al., 1995). The mutant
though extra sprouts of vessels can be found, possibly re-lacks notochord and, as a consequence, fails to pattern the
lated to increased blood pressure. Thus the most prominentneural tube. Somites fuse due to transfating of axial meso-
vascular de®ciency in ¯h is the absence of dorsal aorta.derm to muscle (Halpern et al., 1995; Melby et al., 1996).
In ¯h, as shown in Fig. 6C, there is no evidence of an aorta. In ntl, notochord precursors are present and adequate to
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tubular structure lined by ¯k-expressing cells forms in ntl
mutants (Fig. 7C). Because the distance between neural tube
and endoderm is small, it is impossible to distinguish, by
the relative dorsoventral position, whether the vessel is ar-
tery or vein.
Mosaic Analysis of ¯h: Is There a Signal from
Notochord to Vessels?
Genetically mosaic zebra®sh embryos may be generated
by transplantation between two embryos at the blastula
stage. Transplanted cells are incorporated in a manner pre-
dicted by the fate map and contribute to host tissues de-
pending upon where they were introduced. Transplanted
cells are labeled with both ¯uorescent and biotinylated dex-
trans to distinguish them from unlabeled host cells. If the
donor and host are genetically different, the analysis of the
consequent mosaic permits distinction of whether a muta-
tion acts cell-autonomously in its effects upon different tis-
sues. Here we were particularly interested to use this tech-
nique to examine effects of notochord upon vessels of the
trunk.
¯h is more amenable to analysis of rescue by wild-type
notochord than is ntl because the distance between neural
tube and endoderm permits the distinction of artery from
vein and because ¯h is fully expressive. Therefore, we per-
formed transplantation between wild-type donors and mu-
tant host embryos at the blastula stage, allowed the em-
bryos to mature to the 25 somite stage, and scored for the
contribution of wild-type cells to notochord. Transplanted
cells were visualized in the living embryo using epi¯uores-
cence optics (Fig. 8A). Embryos were then examined for
¯k expression by whole mount in situ hybridization and
transplanted cells were identi®ed by peroxidase-coupled an-
tibodies to biotin. Wild-type cells can form notochord in a
¯h mutant background, as demonstrated previously (Halp-
ern et al., 1995) and shown in Figs. 8A and 8C. Therefore, ¯h
acts cell-autonomously with regard to notochord formation.
Most importantly, in ¯h host embryos, a new more dorsal
population of ¯k-expressing host cells is detected in the
midline immediately beneath areas of the embryo where
transplanted wild-type cells have contributed to notochord
(Fig. 8C). In areas of the same embryo where wild-type cells
FIG. 5. Whole mount RNA in situ hybridization with ¯k on 30 contribute only to ventral neural tube (and not to noto-
somite stage embryos (24 hpf) showing (A) a view of the head, (B) a chord), only the ventral population of ¯k-expressing cells
lateral view of the trunk, and (C) a sagittal section of the posterior normally found in ¯h is evident (Fig. 8B). As shown in Table
trunk and tail. (A) Clearly visible are the patent ®rst aortic arch (aa) 1, all ¯h embryos with transplanted wild-type notochord,
and left dorsal aorta (da). In contrast, the anterior cardinal vein (acv) as determined morphologically by appearance of clearly
does not yet possess a lumen. (B, C) In the trunk, intersomitic vessels
identi®able large vacuolated cells characteristic of noto-(arrows) can be seen sprouting from the dorsal aorta (a). Dorsal is up
chord, evidenced additional ¯k-expressing cells immedi-and anterior is to the left. Bars, 100 mm (A), 50 mm (B, C).
ately below the wild-type notochord cells (n  11). In con-
trast, ¯h embryos with wild-type cells found only in other
regions (e.g., neural tube, somites) never evidenced addi-
tional dorsal ¯k-expressing cells (n  26) in the trunk. Wild-generate the signal to ¯oor plate. Somites do not fuse, al-
though they lack the normal chevron shape (Halpern et al., type cells in both anterior and posterior trunk notochord
rescued local ¯k expression. Thus, local assembly and/or1993). At 24 hpf circulation to the trunk is not present.
As in ¯h mutants, only one stripe of ¯k-expressing cells is ¯k expression in the dorsal vessel, presumably the aorta,
appears to require the presence of wild-type notochord.present in the trunk of 24 hpf embryos (Fig. 6D). A single
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FIG. 6. Whole mount RNA in situ hybridization with ¯k performed on 30 somite stage zebra®sh mutant embryos (24 hpf). (A) wild-
type, (B) cloche, (C) ¯oating head, (D) no tail. (B) In cloche no ¯k-expressing cells can be found. (C) ¯h has few ¯k-expressing cells in the
trunk, but forms a sinus of endothelial cells in the tail. (D) ntl is similar to ¯h. Dorsal is up and anterior is to the left. Bar, 100 mm.
FIG. 7. Histological analysis of whole mount RNA in situ hybridization with ¯k performed on 30 somite stage embryos (24 hpf). (A)
Wild type, (B) ¯oating head, (C) no tail. (A) The wild-type embryo clearly shows the two axial vessels, dorsal aorta (a) and axial vein (v)
and a sprout of an intersomitic vessel (arrow). (B, C) No axial vessels can be observed in ¯oating head or no tail. Arrows point to ¯k-
expressing cells. Sections were counterstained with Nuclear Fast Red. Dorsal is up. Bar, 50 mm.
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FIG. 8. Mosaic analysis of ¯h embryos transplanted with wild-type cells. (A) Composite rhodamine epi¯uorescence (red) and Nomarski
(gray) videomicrograph of the trunk of a 25 somite ¯h mutant embryo that was transplanted at the blastoderm stage. In this embryo wild-
type cells contributed primarily to neural tube and notochord (arrows). B and C indicate planes of cross-sectioning in panels (B) and (C).
(B) Cross section of ¯h embryo in plane B. Transplanted wild-type cells labeled with biotin±peroxidase (brown, arrowhead) contributed
to ventral neural tube (nt). A single population of ¯k-expressing cells (blue, v) resides ventrally. The somites (s) are fused beneath the
neural tube. (C) Cross section of ¯h embryo in plane C. Transplanted wild-type cells contributed both to ventral neural tube (arrowhead)
and to notochord (arrow). There are two populations of ¯k-expressing cells, a dorsal one (a) just beneath the notochord and a ventral one
(v). Somites (s) are not fused. Dorsal is up, anterior is to the left in (A). Bars, 250 mm (A), 50 mm (B, C).
Speci®cation of AngioblastsDISCUSSION
The zebra®sh ¯k cDNA identi®es a putative receptor ty-
rosine kinase of the ¯k-1/¯t-1 family. In the tyrosine kinaseWe are interested in the establishment of vascular pat-
domain zebra®sh ¯k is equally related to ¯k-1 or ¯t-1, butterns in the early embryo. How do signals organize vessel
overall, it is slightly more related to ¯k-1 than to ¯t-1. Bothassembly in concert with body form? The transparency of
¯k-1 and ¯t-1 are markers of angioblasts in mouse (Dumontthe zebra®sh and its attractiveness for large-scale genetic
et al., 1995) and quail (Eichmann et al., 1993). In manyscreens make it an ideal organism to begin to understand
vertebrate embryos islands of angioblasts and red blood cellsthe signals for vessel development. We turned to the ¯k
appear ®rst on the yolk sac, but angioblasts of the embryogene as a potential probe to establish the normal timing
proper arise from intraembryonic mesoderm (Hahn, 1909;and pattern of angioblast assembly. We have focused upon
Reagan, 1915; Sabin, 1917; Pardanaud et al., 1987, 1989;the trunk because of its clarity and clear topography of ves-
Cof®n and Poole, 1988). The lineage of some angioblastssels.
may be shared with blood cells. Thus, it is believed that in
the paraaortic region (and on the yolk sac) there may be a
common progenitor, referred to as a hemangioblast (Die-
terlen-Lievre and Marin, 1981; Pardanaud, 1989, 1996). In
TABLE 1 the targeted mutation of the ¯k-1 gene in mice (Shalaby et
al., 1995) and in the cloche mutant in zebra®sh (Stainier etVentral stripe of ¯k- Dorsal stripe of ¯k-
al., 1995) neither endothelium nor blood cells form. Sinceexpressing cells expressing cells
both mutations affect the endothelium in a cell-autono-
Wild-type cells not mous manner, the absence of blood indicates that the muta-
in notochord tion perturbs a common progenitor, or that the earliest
(n  26) 26/26 0/26 blood compartment depends upon endothelium, or that the
Wild-type cells mutation independently affects differentiation of both lin-
in notochord eages. cloche appears to act upstream of the hematopoietic
(n  11) 11/11 11/11
transcription factors GATA1 and GATA2 (Stainier et al.,
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1995). ¯k is absent in cloche mutants. This likely re¯ects pear to migrate to the midline. This region is referred to as
the intermediate cell mass and is bounded above by noto-absence of angioblasts, but could alternatively indicate a
chord and below by endoderm. Notochord is known to pat-failure of their maturation. It is conceivable that cloche
tern adjacent neurectoderm and somites. In the absence ofcould be a mutation which perturbs ¯k signaling, but ge-
notochord the ¯oor plate does not differentiate and ventralnetic mapping indicates that it is not linked to the ¯k gene
cell fates are not achieved in the neuroectoderm (Goulding(Fouquet and Fishman, unpublished).
et al., 1993) and sclerotome does not differentiate and myo-
Assembly of Vessels in the Zebra®sh tomes fuse beneath the neural tube (Dietrich et al., 1993;
We have focused here upon the trunk vessels. Vessel for- Pourquie et al., 1993; Goulding et al., 1994; Halpern et al.,
1995). The mediator of both signaling events is believed tomation in the trunk, using endothelial markers such as ¯k-
be sonic hedgehog (Fan and Tessier-Lavigne, 1994; Johnson1, is similar to that described in other species (His, 1900;
et al., 1994). Recently it has been shown that notochordReagan, 1915; Sabin, 1917; Pardanaud et al., 1987, 1989;
affects the laterality and migratory behavior of endothelialCof®n and Poole, 1988; Poole and Cof®n, 1991) and appears
cells (Klessinger and Christ, 1996).to involve vasculogenesis of the major artery and vein, fol-
Vessel formation in zebra®sh notochord mutants, ¯h andlowed by angiogenic sprouting of intersomitic arteries. The
ntl, is abnormal. ¯h lacks notochord due to mutation inzebra®sh is unusual in that it lacks signi®cant yolk sac
the transcription factor Xnot, and no tail blocks notochordblood islands and so lacks the early ¯k expression which, in
differentiation by mutation in brachyury. In ¯h, both so-the mouse, is on the ectoplacental cone, the extraembryonic
mites and neural tube are perturbed, such that somites fusemesoderm of the future yolk sac (Dumont et al., 1995).
beneath the notochord and ¯oor plate does not form. In ntl,There are two other spatially distinctive regions of vessel
on the other hand, notochord precursors form and generateassembly. One is in the region where the heart will form,
signals suf®cient to pattern ¯oor plate and to prevent so-just anterior to the otic placode and to the notochord. In this
mite fusion, although ¯oor plate forms in a wider band andregion angioblasts appear ®rst laterally in the mesoderm and
somites lack their normal chevron shape. Hence, it is be-then appear to migrate medially to form the endocardial
lieved that different signals (either quantitatively or qualita-primordium at the midline, where they become enclosed by
tively) are generated by the notochord during differentthe myocardial tubes. At the time of fusion of the bilateral
stages of its differentiation. The effect on vasculogenesisprimordia, the ¯k-expressing cords of endothelial cells in
could re¯ect perturbation in signals from notochord or itsthe cardiac region appear continuous from endocardium to
precursors. We have no evidence for or against a role inventral aorta and through the ®rst aortic arches, where the
vessel assembly of the best-de®ned notochord signal, soniccords branch posteriorly into dorsal aortae and anteriorly
hedgehog, which certainly does pattern somites and ventralinto internal carotid arteries. The other spatially separate
neural tube (Fan and Tessier-Lavigne, 1994; Johnson et al.,region of ¯k-expressing cells is anterior and ventral to the
1994). The ligand for ¯k, VEGF is ubiquitously expressedforebrain and the optic vesicles. These cells presumably
during development of mouse and quail, (Breier et al., 1992;arise from cephalic paraxial mesoderm.
Flamme et al., 1995a), most prominently in endoderm (Du-It is not known whether angioblasts in the different sites
mont et al., 1995). Since ¯k-expressing cells are presentof expression have distinctly different properties, but it
ventrally in both ¯h and ntl, and can even form a tubularseems unlikely. Transplantation experiments in avians
structure near the yolk, it is possible that the partial assem-show that angioblasts are derived from throughout the
bly of a vessel adjacent to the yolk, presumably pieces ofmesoderm, with the exception of notochord and prechordal
vein, is due to support of vein formation by this or otherplate (Noden, 1989). Normally, in the chick, the major ves-
signals from the endoderm (Weinstein et al., personal com-sels are assembled from local angioblasts (Pardanaud et al.,
munication).1987, 1989; Cof®n and Poole, 1988; Poole and Cof®n, 1991;
It is conceivable that the failure of ¯k-expressing cells toCouly et al., 1995), but there is also evidence for long migra-
form aorta in ¯h could be due to physical obstruction bytions from angioblast site of origin to vessel (Cof®n and
the fused somites, but this seems unlikely because ntl mu-Poole, 1988, 1991; Noden, 1989, 1991). Transplanted meso-
tants also have just one vessel but do not have fused somitesderm can populate ectopic sites with angioblasts (Noden,
in the trunk and because somites themselves contain angi-1989). Tissues normally vascularized by sprouting, such as
oblasts, at least in chick (Wilting et al., 1995). Thus, itlimb or ectodermal derivatives, receive such angiogenic in-
appears that normal notochord is needed for maintenanceput even after transplantation to a different host (Pardanaud
of ¯k expression and for normal axial vessel assembly, espe-et al., 1989). These observations suggest that assembly of
cially of the dorsal aorta, and that the vein is less dependentmajor vessels is driven by local cues. Two tissues in close
upon notochord. Of course, the signals which directly affectproximity to the developing trunk vasculature, which are
vessels need not be generated by the notochord per se, butcandidates for provision of such signals, are the notochord
could alternatively be derived from somites or other tissuesand the endoderm.
dependent upon notochord.
Notochord Generates Signals for Assembly of the
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